A number of predictions were made in Ref. [1] pertaining to the anomalous production of multiple leptons at the Large Hadron Collider. Discrepancies in multi-lepton final states have now become statistically compelling with the available Run 2 data. These could be connected with a heavy boson, H, decaying predominantly into a SM Higgs boson, h, and a singlet scalar, S, where mH ≈ 270 GeV and mS ≈ 150 GeV. These can be embedded into a scenario where a Two Higgs Doublet is considered with an additional singlet scalar, 2HDM+S. The long-standing discrepancy in the muon anomalous magnetic moment, ∆aµ, is interpreted in the context of the 2HDM+S type-II and type-X, along with additional fermionic degrees of freedom. The 2HDM+S model alone with the constraints from the LHC data does not seem to explain the ∆aµ anomaly. However, adding fermions with mass of order O(100) GeV can explain the discrepancy for low enough values of fermion-scalar couplings.
I. INTRODUCTION
The anomalous magnetic moment of the muon, a µ = (g − 2) µ /2, is one of the most important precision observables to test the Standard Model (SM) and provide a complementary, non-collider constraint of beyond the Standard Model (BSM) physics. Currently, the discrepancy between the experimental measurement and the SM prediction is ∼ 3.5σ [2] [3] [4] [5] [6] [7] [8] [9] , where: 
This opens a window of opportunity for quantum corrections driven by BSM particles [10] [11] [12] [13] [14] . In a model independent scenario a detailed study [11] shows the contribution to a µ for the BSM particles of masses of a few 100 GeV. A complete two-loop contribution to a µ in the two-Higgs doublet model (2HDM) is performed in Refs. [15, 16] to explain the anomaly, ∆a µ , which constrains the parameter space of the model. These studies connect the ∆a µ with the collider studies at the Large Hadron Collider (LHC) and the Fermilab experiments. Early studies considered the possibility of a heavy scalar, H, being compatible with several LHC Run 1 measurements [1, 17] . Using an effective vertex the best fit mass of H was found to be at m H = 272 +12 −9 GeV. This study included, but was not limited to the production of multiple leptons in association with b-quarks, as reported by the search for the SM Higgs boson in association with top quarks. Following a discussion of the results, the next * danielle.dorinda.sabatta@cern.ch † acornell@uj.ac.za ‡ agoyal45@yahoo.com § mukesh.kumar@cern.ch ¶ bmellado@mail.cern.ch * * xifeng.ruan@cern.ch point of interest was to explore the possibility of introducing a scalar mediator, S, (instead of using effective vertices) such that H could decay to Sh, SS, and hh, and where S would decay into SM particles [1] .
A number of predictions were made in Refs. [1, 17] pertaining to the anomalous production of multiple leptons at high energy proton-proton collisions. Discrepancies in multi-lepton final states were reported with Run 1 data in Refs. [17, 18] . Assuming that the singlet scalar behaves like SM Higgs-like boson, the data can be described with m H ≈ 270 GeV and m S ≈ 150 GeV. These discrepancies have now become statistically compelling with the available Run 2 data [19] where the mass points and other parameters were fixed a priori, and therefore the model was not tuned to explain the data. The final states were selected as per the predictions in Refs. [1, 17] , which predate the Run 2 data. These include the anomalous production of opposite-sign, same-sign and three leptons with in the presence and absence of b-quarks.
Discrepancies emerge in final states and corners of the phase-space where different SM processes dominate, indicating that the potential mismodelling of a particular SM process is unlikely to explain them. The yields of the anomalies and their kinematic characteristics are reasonably well described by a simple ansatz, where H → Sh is produced via gluon-gluon fusion and in association with top quarks in high-energy proton-proton collisions. It is, therefore, appropriate to understand the possible connection of the above mentioned spectroscopy with the ∆a µ anomaly through loop corrections.
The above mentioned bosons can be embedded into a scenario where a 2HDM is considered with an additional singlet scalar (2HDM+S) [1, 20, 21] . In Ref. [20] a first attempt was made to identify corners of the 2HDM+S parameter space that can accommodate the discrepancies between the SM and the data reported in Ref. [18] . Here we investigate whether the 2HDM+S model with the parameter space identified in Ref. [18] for the ∆a µ anomaly or whether new degrees of freedom are necessary.
While the multi-lepton anomalies reported in Refs. [18, 19] seem to be fairly well described with the simple ansatz alluded to above, some features of the data identified in Ref. [19] seem to be indicative of a picture more complex than that of the 2HDM+S model. In particular, the di-lepton invariant mass, the transverse mass of the di-lepton system, and the missing transverse energy, tend to be wider compared to what is predicted by the S → W + W − → + − ( = e, µ) decay chain. New leptonic degrees of freedom could significantly alter the decays of S, thus modifying the differential distribution predicted by the model [18] . In this light, we explore what one can learn from the ∆a µ anomaly with regards to these potential new degrees of freedom.
In this short article we connect ∆a µ with the constrained parameter space of the 2HDM+S at the LHC. We briefly explain the model considered for this study in Section II, along with the constraints on the parameter space from previous studies. The one-and two-loop formulae are discussed in Section III, and results of the study are detailed in Section IV. Finally, a summary and conclusion of this study are presented in Section V.
where the fields Φ 1 and Φ 2 are the SU (2) L Higgs doublets, while Φ S is the singlet scalar field. The first three lines correspond to the terms in the real 2HDM potential. The last line contains the contribution from the singlet scalar field. Typically, models with more than one Higgs doublet have tree-level Flavor Changing Neutral Currents (FCNC). To prevent tree-level FCNCs, one couples all quarks of a given charge to a single Higgs doublet.
Due to the addition of a singlet scalar this model has three physical CP-even scalars h, S, and H, with one CPodd scalar A and charged scalar H ± . Other parameters of this model are the mixing angles α 1 , α 2 , α 3 and tan β,
Representative (a) one-loop and (b) two-loop diagrams contributing to the ∆aµ. For 2HDMs, φ 0 = h, H, A while in the case of the 2HDM+S, φ 0 also gets a contribution from S. In a 2HDM or 2HDM+S scenario, the fermions f and f can be considered as the SM leptons, however f could be quarks and leptons. The dominant contributions comes from f = t, b, τ . For 2HDM+S+f model, f could be taken as BSM charged fermions with neutral scalars.
vacuum expectation values (vev) v, v S , and the masses m h , m S , m H , m A , m H ± . As discussed in Section I, the masses of many of these parameters are fixed a priori from previous studies [1, 20, 21] , where the as yet constrained mass m A , and to a lesser extent m S , will be scanned over in this study.
The relevant Yukawa couplings between the SM fermions and 2HDM+S scalar mass eigenstates are given as:
For the details on the couplings and other information we refer the readers to Refs. [20, 21] . Furthermore, for our studies we only consider type-II and lepton-specific (type-X) models within the parameter space considered in Ref. [20] . Since these types of models are highly constrained by many studies, we also looked at a scenario by adding BSM leptons, which are singly charged. Specifically, we consider light leptons with a mass of O(10 2 ) GeV and that are not produced directly at colliders. This means that these leptons are to be treated as mediators, and would contribute via loop corrections to the ∆a µ anomaly. For the sake of simplicity, and without any loss of generality, we consider singly charged SM singlet vector-like leptonic fermions, where left and righthanded chiral components transform the same way under SM gauge transformations as follows [11] : where l R and L l are the SM singlet and doublet leptons, and f L/R are the BSM singly charged vector-like leptons with left and right chirality. The interaction Lagrangian, Eq. (4), can now be easily cast in terms of the scalar mass eigenstates as in Eq. (3). We add these interactions to the 2HDM+S and call this model the 2HDM+S+f.
Note that the overall coupling should be constrained as y i f,f ≤ √ 4π, though it should be noted that all the couplings which appear in the interactions are the functions of the mixing angles α i and β used to diagonalise the mass matrix appropriately in the model. Without loss of generality, we can take −π/2 ≤ α i ≤ π/2 and we scan over β in the coming sections, along with the mass of the new vector-like fermion, f .
III. CONTRIBUTIONS TO ∆aµ
The 2HDM contributions to the ∆a µ have been calculated and are known up to the two-loop level [15, 16] , where these calculations also apply for the 2HDM+S with appropriate coupling arrangements. The one-and twoloop diagrams contributing to ∆a µ are shown in Fig. 1 . It has been shown that the type-II and type-X (lepton specific) 2HDMs are suitable to explain the discrepancy with positive contributions to the ∆a µ . In these models, the lepton couplings to the new bosons are enlarged, while the top Yukawa coupling are kept favorably small. The one loop contribution from the neutral and charged scalars is given by the expression:
where j = {h, S, H, A, H ± }, r 
The two loop contribution from the neutral scalars are given by the expression:
where i = {h, S, H, A}, f = {t, b, τ }, r 
where N h,S,H (x) = 2x(1 − x) − 1 and N A (x) = 1.
In this study we shall go one step further, and use the 2HDM+S+f model discussed in Section II, where the addition of BSM fermions gives a one-loop contribution to ∆a µ as given by [11] :
where i = {h, S, H, A}, r 
We will now use these formulae, inputting the numerical values of parameters from previous studies [1, 20, 21] , to generate the ∆a µ , scanning across the parameters m f , m A , and the mixing angles in the next section.
IV. RESULTS
For the numerical calculations we considered the masses of the scalars to be m h = 125 GeV, m S = 140 -150 GeV, m H = 250 -270 GeV, and m A = m H ± = 400 -600 GeV and 0.5 ≤ tan β ≤ 1.0. In few cases we also made scan over light masses of A and mentioned appropriately. It is also important to note that the parameter space described in Ref. [21] and the one chosen for this work are checked with respect to: (a) theoretical constraints, like tree-level perturbative unitarity, the vacuum stability from global minimum conditions of the 2HDM+S potential and conditions which bound the potential from below; (b) the experimental constraints from R b [26, 27] and B → X s γ [27] [28] [29] [30] ; and (c) the compatibility with the oblique parameters S, T and U . As a first test, we start with 2HDMs where the positive one-loop contributions are from the terms involving h and H, whereas the terms with A and H ± give negative contributions. Conversely, h and H provide the negative two-loop contributions, whereas A provides positive contribution. In the region of large tan β and small m A , the 2HDM two-loop contributions become larger than the one-loop contributions, allowing for an explanation of the discrepancy. The required parameter space of the Type II and Type X 2HDMs is shown in Fig. 2 . For a complete analysis of the 2HDM contributions see Ref. [16] .
Although the addition of S is necessary for the explanation of the multi-lepton anomalies, it does not have a significant effect on the parameter space of the 2HDM required to account for ∆a µ , since the contributions from the CP-even scalars are suppressed with respect to that of the CP-odd scalar. This can be seen with a comparison of the plots in Fig. 2 and the plots in Fig. 3 . In contrast to the existing constraints on the 2HDM+S, Fig. 3 shows that it requires a high value of tan β and a relatively small mass of A. Following the model used in Ref. [20] , where m A = 600 GeV and tan β < 1, the full two-loop contribution from the 2HDM+S is shown in Fig. 4 . From the plots in Fig. 4 , it is clear that the existing constraints on tan β and the particle masses in the 2HDM+S make the model unsuitable to account for the ∆a µ .
Addition of BSM fermions: Introducing additional fermionic degrees of freedom that interact with the 2HDM+S particles allows the one-loop contributions to become larger than the two-loop contributions. Fermions in the mass range 100 GeV to 1000 GeV enlarge the one-loop contributions enough to account for the ∆a µ . The one-loop diagram with the new fermions is explained in Fig. 1 . In Fig. 5 we depicted the contribution to the ∆a µ by using Eq. (11) for different choices of couplings. Since the contributions from the 2HDM+S without the BSM fermions and the two-loop diagrams containing the SM fermions are much smaller, only the one-loop contribution is considered here. In Fig. 6 we depict some of the couplings required by different fermion masses.
V. SUMMARY AND CONCLUSION
A number of predictions were made in Refs. [1, 17] pertaining to the anomalous production of multiple leptons at high energy proton-proton collisions. These could be connected with a heavy boson with a mass around the electroweak scale decaying predominantly into a SM Higgs boson and a singlet scalar. Discrepancies in multilepton final states were reported with Run 1 data in Refs [17, 18] have now become statistically compelling with the available Run 2 data [19] . These include the production of opposite-sign, same-sign and three leptons with and without b-quarks. Discrepancies emerge in final states and corners of the phase-space where different SM processes dominate, indicating that the potential mismodeling of a particular SM process is unlikely to explain them. The yields of the anomalies and their kinematic characteristics are reasonably well described by a simple ansatz, where H → Sh is produced via gluongluon fusion and in association with top quarks, where m H ≈ 270 GeV and m S ≈ 150 GeV. These can be embedded into a scenario where a 2HDM is considered with an additional singlet scalar, 2HDM+S [1, 20, 21] . The parameter space of the 2HDM+S model that accommodates these features of the data [20] are used here as a baseline.
The long-standing discrepancy in the muon anomalous magnetic moment are explored here in connection with the suggested scalar boson spectroscopy and in the context of a constrained 2HDM+S model. The two-loop contribution from the 2HDM+S has been calculated, and it has been shown that this contribution is too small to account for the ∆a µ discrepancy. In addition, the values of tan β and m A required to explain the discrepancy within 2 sigma have been determined for the 2HDM+S. In both the type-II and type-X 2HDM+S, a light pseudoscalar is required along with a high value of tan β. This choice of parameters in the 2HDM+S model is not compliant with the features of the LHC data described here. In order to be able to explain the ∆a µ discrepancy with the 2HDM+S model as constrained in Ref. [20] , additional BSM fermionic degrees of freedom may be required. Given the size and the errors associated with the ∆a µ anomaly new leptons would need to be as heavy as O(100) GeV. The impact of these new degrees of freedom on the model considered here and, in particular, on the decays of bosons is beyond the scope of this paper and will be covered in subsequent works.
